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EFFECTS  OF  WING  PLAN-FORM  GEOMETRY  ON  THE  AERODYNAMIC 
CHARACTERISTICS  OF  A  HYPERSONIC  GLIDER  AT  MACH 
NUMBERS  UP  TO  9.6* 

By  Charles  L.  Ladson,  Patrick  J.  Johnston, 
and  Charles  D.  Trescot,  Jr. 


SUMMARY 


An  investigation  has  been  conducted  at  the  Langley  Research  Center 
on  a  winged,  lifting  hypersonic  glider  configuration  to  study  the  effects 
of  wing  crank  and  wing  longitudinal  location  on  the  performance  and  static 
stability  characteristics  of  such  a  vehicle  throughout  the  Mach  number 
range.  Tests  were  conducted  at  Mach  numbers  of  0.92,  1.62,  2.91^  6.8, 
and  9-6  and  are  presented  with  previously  published  data  at  a  velocity 
of  60  feet  per  second. 

From  an  analysis  of  the  data  obtained  during  this  investigation,  it 
is  noted  that  the  rearward  shifts  of  aerodynamic  center  and  center  of 
pressure  which  occur  at  transonic  speeds  were  less  for  the  configurations 
with  wing  and  body  apexes  coincident.  At  a  Mach  number  of  9-6,  the  aero¬ 
dynamic  center  is  slightly  rearward  of  the  location  at  subsonic  speeds, 
whereas  the  center  of  pressure  has  moved  forward  of  its  subsonic  location. 

Moving  the  centroid  of  area  rearward  (and  thus  the  center  of  pres¬ 
sure)  by  cranking  the  wing  leading  edge  increased  the  longitudinal  sta¬ 
bility  throughout  the  Mach  number  range  for  the  configuration  with  the 
wing  and  body  vertex  coincident.  However,  with  the  wing  moved  rearward 
on  the  body,  and  with  the  centroid  of  area  displaced  forward  slightly 
by  cranking  the  leading  edge,  a  loss  of  stability  at  Mach  numbers  above 
about  3  resulted. 

The  local  flow  conditions  in  the  region  of  the  fins  had  a  strong 
influence  upon  the  directional  stability  of  the  configurations .  When¬ 
ever  the  body  shock  moved  outboard  of  the  tip  fins  as  a  result  of  either 
a  reduction  in  Mach  number  or  an  increase  in  sideslip  angle,  the  fin 
effectiveness  was  reduced  and  the  stability  of  the  vehicle  was  likewise 
reduced.  Likewise,  at  hypersonic  speeds  the  cranked-wing  vehicle  with 
the  body  shock  wave  inboard  of  the  tip  fins  had  more  directional  stability 
than  the  uncranked  vehicle  at  an  angle  of  attack  of  0°,  but  the  fall-off 
at  the  hipest  angles  of  attack  was  more  severe  for  the  cranked-wing 
vehicle . _ 

*Title,  Unclassified. 
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INTRODUCTION 


Hypersonic  Loost  glide  configurations,  which  should  be  statically 
stable  and  controllable  from  hypersonic  gliding  speeds  to  subsonic 
landing  speeds,  could  encounter  serious  stability  and  control  problems 
due  to  a  shift  in  the  location  of  the  aerodynamic  center  with  Mach 
number.  Since  little  information  is  available  on  the  extent  of  the 
aerodynamic-center  travel  on  a  configuration  throughout  this  large  Mach 
number  range,  an  investigation  was  undertaken  at  the  Langley  Research 
Center  with  a  winged,  lifting  vehicle  with  various  plan-form  shapes. 

The  variations  in  wing  plan-form  geometry  included  two  different  lon¬ 
gitudinal  locations  of  the  delta-wing  body  Intersection  and  the  use  of 
leading-edge  crank.  It  was  desirable  to  determine  whether  either  the 
wing  location  or  the  leading-edge  crank  is  an  effective  means  of 
reducing  the  aerodynamic-center  travel  with  Mach  number;  thus,  the  lon¬ 
gitudinal  stability  and  control  problems  associated  with  large 
aerodynamic-center  shifts  are  reduced.  Since  the  configuration  also 
incorporated  vertical  tip  fins  mounted  above  the  wing  plane  to  provide 
directional  stability,  it  was  desirable  to  study  their  effectiveness 
at  the  supersonic  and  hypersonic  speeds  and  to  determine  what,  if  any, 
the  effect  of  the  wing  plan  form  was  on  their  effectiveness . 

Longitudinal  tests  were  conducted  on  the  configurations  in  the 
Langley  transonic  blowdown  tunnel  at  a  Mach  number  of  0.92,  the  Langley 
9-lnch  tunnel  at  Mach  numbers  of  1.62  and  2.91,  and  the  Langley  11- inch 
hypersonic  tunnel  at  Mach  numbers  of  6.8  and  9-6  and  limited  tests  at 
a  Mach  number  of  I7.8  in  helliam.  Some  previously  published  data 
(ref.  1)  on  these  configurations  obtained  in  the  Langley  free-f light 
tunnel  at  a  velocity  of  60  feet  per  second  (Mach  nimiber  of  O.06)  are 
also  included  for  comparison. 


SYMBOLS 


b  span 

G  mean  aerodynamic  chord 

Op  drag  coefficient 

drag  coefficient  at  zero  lift 

rolling-moment  coefficient  about  body  center  line. 
Rolling  moment 
qSb 
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C 


L 


C 


m 


C 


n 


Cy 


Cl, 


a 


lift  coefficient,  ■ 

qS 

pitching -moment  coefficient  about  moment  center  at  0.6kl, 
Pitching  moment 
qSc 

yawing -moment  coefficient  about  moment  center  at  0.6kl, 
Yawing  moment 
qSb 


normal-force  coefficient. 


Normal  force 
qS 


side-force  coefficient.  Side  force 

qS 


lift-curve  slope. 


0=0 


Cl. 


rate  of  change  of  rolling-moment  coefficient  with  angle  of 

Sc, 


sideslip  at  zero  sideslip  angle, 


'I 


p=0 


rate  of  change  of  yawing-moment  coefficient  with  angle  of 

fbcS 

sideslip  at  zero  sideslip  angle,  j  — = 

/p=o 

rate  of  change  of  side-force  coefficient  with  angle  of 


sideslip  at  zero  sideslip  angle, 
nose-incidence  angle,  deg 


ac-j 


p=0 


I  body  length 

l/d  lift-drag  ratio 

(L/D)jjjgj^  maximum  lift-drag  ratio 


M  Mach  nimiber 
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q  dynamic  pressure 

R  Reynolds  nimiber  based  on  body  length 

r  radius 

S  plan-form  area,  sq  In. 

longitudinal  location  of  aerodynamic  center 

Xqp  longitudinal  location  of  center  of  pressure 

a  angle  of  attack,  deg 

P  angle  of  sideslip,  deg 

MODELS  AND  DESIGNATIONS 


Threp-view  drawings  showing  the  dimensions  of  the  models  tested 
as  well  as  tables  listing  the  calculated  wing  plan-form  areas,  spans, 
and  mean  aerodynamic  chords  are  presented  in  figure  1.  The  various 
models  are  designated  by  letter  symbols  and  subscripts  and  are  identi¬ 
fied  as  follows: 

B2_  body,  shown  in  figure  l(a)  and  the  same  for  all  models  tested 

W2_  7^-25°  swept  clipped-tip  delta  wing  shown  in  figure  l(a) 

W2  60°  swept  clipped-tip  delta  wing  shown  in  figure  l(a) 

Wj  68°,  60°  cranked  leading-edge  clipped-tip  delta  wing  shown 

in  figure  l(a) 

76°,  60°  cranked  leading-edge  clipped-tip  delta  wing  shown 
in  figure  l(a) . 

4-0°  swept  leading-edge  upper  vertical  tail  shown  in  figure  l(a) 

Vj  modified  by  increasing  chord  and  adding  76°  swept  leading- 

edge  lower  fin  shown  in  figure  l(b) 

F2  rearward  flap  extension  of  wing  plan  form  shown  in  figure  l(b) 
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The  models  were  constructed  of  stainless  steel,  had  flat-wing 
lower  surfaces  with  5°  nose  deflection  to  provide  trim  at  angles  of 
attack  near  (l/d)^^^,  and  incorporated  5°  wedge-section  vertical-tip 

fins  toed  in  5°  to  provide  directional  stability.  The  model  nose  was 
blunted  to  a  radius  of  0.09  inch  and  all  leading  edges  had  a  radius  of 
0.024  inch  normal  to  the  leading  edge.  Model  was  also  tested 

with  the  nose  incidence  increased  from  5°  to  7-5°  hy  cutting  the  model 
2.70  Inches  behind  the  nose  and  bending  the  section  of  the  model  for¬ 
ward  of  this  station  upward  until  the  incidence  of  the  forward  section 
was  7-5°- 

Because  of  machining  errors,  the  tails  used  on  the  Wi)_  wing  had 

a  slightly  longer  chord  than  called  for.  This  error  resulted  in  a 
9.8  percent  larger  area  for  this  fin  on  Wj[j.  than  on  the  other  three  wings 

Model  photographs  are  presented  in  figure  2. 


APPARATUS,  TESTS,  AND  PROCEDURE 


Data  contained  in  this  report  were  obtained  at  M  =  0.92  in  the 
Langley  transonic  blowdown  tunnel,  M  =  1.62  and  2.9I  in  the  Langley 
9-inch  tunnel,  and  M  =  6.8  and  $.6  in  air  and  I7.8  in  helium  in  the 
Langley  11-inch  hypersonic  txinnel. 

In  the  Langley  transonic  blowdown  tunnel,  which  has  an  octagonal 
slotted  throat  test  section  measuring  26  inches  between  flats,  the 
models  were  mounted  on  an  internal  5-component  electrical  strain-gage 
balance  (no  axial-force  measurements) .  The  longitudinal  tests  were 
made  at  a  tunnel  stagnation  pressure  of  25  pounds  per  square  inch  abso¬ 
lute,  which  corresponds  to  a  Reynolds  number  of  4.1  X  10^  based  on 
model  length. 

For  the  tests  at  supersonic  speeds  in  the  Langley  9-inch  tunnel, 
the  models  were  mounted  on  a  three-component  mechanical  external  balance 
Tests  were  made  at  a  Reynolds  number  of  about  2.0  X  10^  based  on  model 
length . 

Some  longitudinal  tests  in  the  Langley  11- inch  hypersonic  tunnel 
were  made  by  using  an  external  5-component  electrical  strain-gage  bal¬ 
ance  whereas  other  longitudinal  and  the  directional  and  lateral  tests 
were  made  on  an  internal  6-coraponent  strain-gage  balance.  The  Reynolds 

ninnbers  based  on  model  length  for  the  external  balance  were  2.0  X  10^  at 
M  =  6.8  ^and  2.9  x  10^  at  M  =  17.8  and  for  the  internal  balance  were 
1.3  X  10°  at  M  =  6.8  and  0.6  x  10^  at  M  =  $.6.  In  both  the  Langley 
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9-incti  and  ll-inch  tunnels  the  angles  of  attack  of  the  models  were  meas¬ 
ured  optically  by  use  of  a  light  beam  reflected  from  the  model  onto,  a 
calibrated  scale .  This  method  gave  the  true  angles  of  attack  of  the  model 
including  the  deflection  of  the  balance  and  sting  under  load.  True 
angles  of  attack  of  the  models  were  also  obtained  in  the  transonic  blow¬ 
down  tunnel  by  calibration  of  the  balance  deflection  under  known  loads . 
Base  pressures  were  measured  in  both  the  9- inch  and  11- inch  tiinnels  and 
the  data  presented  have  been  adjusted  to  a  condition  where  base  pres¬ 
sure  is  equal  to  free-stream  static  pressure. 


PRESENTATION  OF  RESULTS 


Typical  schlieren  flow  photographs  of  the  models  are  presented  in 
figure  5  a.t  Mach  numbers  of  1.62,  2.91,>  6.8,  and  9-6.  In  figure  5(c) 
it  can  be  seen  that  the  body  shock  wave  crosses  the  wing  inboard  of 
the  vertical -tip  fins  for  models  B2W2V1,  B1W5V1,  and  B^W^Vi  at  p  =  0°. 

As  the  sideslip  angle  is  increased  to  about  5°;  the  body  shock  crosses 
the  downwind  fin  and  at  higher  sideslip  angles  lies  well  outboard  of 
the  fin.  The  effects  of  this  shock-fin  interaction  on  directional 
stability  are  discussed  later  in  the  paper. 

The  basic  longitudinal  data  obtained  on  the  six  configurations 
tested  are  presented  in  figures  to  7  as  a  function  of  angle  of  attack 
for  the  various  Mach  numbers.  Lift  coefficient  is  presented  in  fig¬ 
ure  h,  drag  coefficient  in  figure  pitching-moment  coefficient  in 
figure  6,  and  lift-drag  ratio  in  figure  7-  Since  no  axial-force  data 
were  obtained  during  the  M  =  O.92  tests,  Cj^  cos  a  is  presented  in 

figure  it-,  and  no  Cp  curve  is  presented  in  figure  5  foi’  this  Mach 
number.  Data  on  configurations  and  B2Wi^,VjF2  shown  only 

for  the  supersonic  and  hypersonic  Mach  numbers .  Additional  data  on 
models  B^W^^VjFg  and  B2^Wij.VjF2  at  transonic  Mach  numbers  are  presented 

in  reference  2.  Analysis  of  this  basic  data  is  presented  in  figures  8 
to  14-.  Basic  directional  stability  characteristics  of  the  configura¬ 
tions  at  M  =  2.91  are  presented  in  figures  15  and  16  for  angles  of 
attack  of  0°  and  10°.  No  lateral  data  were  obtained  during  the 
M  =  2.91  tests.  Analysis  of  the  directional  and  lateral  data  through 
the  Mach  number  range  is  presented  in  figures  I7  to  22. 
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DISCUSSION 


Lift  and  Performance 

Angle-of-attack  effects.-  In  figure  4  the  low  subsonic  lift  curve 
is  noted  to  break  at  an  angle  of  attack  of  about  20°.  This  break  is 
more  clearly  shown  in  figure  8  which  presents  the  subsonic  lift  curves 
taken  from  reference  1  for  the  four  basic  models  at  angles  of  attack 
up  to  90°.  From  this  figure  it  is  seen  that  all  four  configurations 
show  a  loss  in  lift-curve  slope  which  is  not  regained  until  a  much 
higher  angle  of  attack.  The  cranked-wing  configuration  B2_Wi^V2  has  the 

most  severe  break  and  a  loss  of  lift  results  which  is  not  regained  until 
the  angle  of  attack  has  been  increased  about  15°.  This  loss  of  lift  is 
probably  caused  by  the  large  body  interfering  with  the  wing  vortex  flow 
and  disrupting  the  vortex.  Unpublished  data  indicate  that  this  break 
in  the  lift  curve  can  be  eliminated  by  reducing  the  body  size  or  by 
moving  the  body  back  on  the  wing.  When  the  speed  was  increased  to  the 
hypersonic  range,  as  expected,  a  noticeable  increase  in  with  a 

occurred.  (See  fig.  4.) 

Mach  number  effects.-  The  variation  in  the  lift-curve  slope  at 
a  =  0°  of  the  configurations  with  Mach  number  is  presented  in  figure  9* 
Little  effect  of  wing  crank  or  wing  longitudinal  position  is  noted  at 
Mach  numbers  of  2.91  and  above.  However,  at  the  transonic  and  low  super¬ 
sonic  Mach  numbers,  the  effects  of  aspect  ratio  on  lift-curve  slope  become 
evident.  Configurations  BpW2V2^  and  BiW^Vp,  which  have  aspect  ratios  of 

about  1.5  have  a  higher  at  Mach  numbers  of  0.92  and  1.62  than  do 

models  and  which  have  aspect  ratios  of  about  1.0  and  1.2, 

respectively.  The  trends  in  Ct  with  Mach  number  agree  well  with 

nx 

inviscid  flat-plate  theory  at  the  hypersonic  speeds .  The  test  point  at 
M  =  17.8  is  higher  than  the  theory  because  of  increased  boundary-layer 
displacement  effects  at  this  Mach  number  and  to  a  lesser  extent  as  a 
result  of  using  helium  for  the  test  fluid.  The  measurements  using  con¬ 
figurations  with  the  higher  wing  sweep  (Bj^W^Vj^  and  B2^Wi|.V3_)  agree  well 

with  the  theoretical  Cj^  for  a  75°  swept  delta  wing  at  supersonic  Mach 

numbers .  The  measured  values  of  on  configurations  B2W2V2  and 

BiWjVi  are  below  the  theory  for  a  60°  swept  wing  since  the  model  plan 

form  is  not  a  true  60°  delta  but  a  cranked  82.5°,  60°  wing  because  of 
the  flat  bottom  of  the  body  which  extends  ahead  of  the  actual  wing. 
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Mach  number  effects  on  (L/D)^ax'  presented  in  figure  10,  followed 
the  trends  in  (reduction  with  increase  in  M)  and  at  low  super¬ 

sonic  speeds,  in  general,  the  configurations  with  the  highest 
have  the  highest  (L/D)j^g^.  This  is  to  be  expected  since 

/Ct 

(L/D)jjjgj^  =  — — j  if  it  is  assumed  that  a  and 

p 

Cj)  =  Cp^  +  C-j^a  .  At  Mach  numbers  of  2.91  and  above,  all  configura¬ 
tions  have  about  the  same  (L/l^)niax'  higher  value  of  (l'/D)niax 

at  M  =  17.8  resulted  from  the  lower  skin  friction  at  the  higher 
Reynolds  number  of  the  test. 

Fin  and  nose-incidence  effects.-  The  effects  on  the  performance 
characteristics  of  removing  the  vertical  fin  or  of  increasing  the  nose 
incidence  are  presented  in  figure  11  for  model  at  M.  =  6.8.  As 

seen  in  figure  ll(a),  addition  of  the  vertical  fin  to  the  basic 
wing-body  B1W4  increases  the  drag  coefficient  as  expected  but  also 

decreases  the  lift  coefficient  throughout  the  angle-of -attack  range . 
This  loss  in  lift  is  attributed  to  the  high  pressure  interference 
region  created  on  the  wing  upper  surface  between  the  fin  and  the  fin 
shock  wave.  This  fin  shock  wave  may  be  seen  behind  the  wing  in  the 
schlieren  flow  photographs  presented  in  figure  5(c).  Addition  of  the 
vertical  fins  resulted  in  about  20-percent  decrease  in  the  (L/D)^„y 

at  this  Mach  number  with  little  effect  at  higher  angles  of  attack 
where  the  fin  drag  is  reduced.  Increasing  the  nose  incidence  from  5° 
to  7-5°,  as  shown  in  figure  ll(b),  increased  the  lift  coefficient  due 
to  increasing  the  angle  of  attack  of  the  nose  and  decreased  the  drag 
coefficient  at  low  angles  of  attack.  Although  nose  tilt  increases  the 
drag  of  the  nose,  the  reduction  in  body  axial  force  due  to  body 
shielding  by  the  increased  nose  tilt  more  than  cancelled  it  and  a  net 
reduction  in  drag  resulted.  Although  increasing  the  nose  incidence 
increased  the  L/D  at  low  angles  of  attack  as  the  angle  of  attack  is 
increased,  the  differences  in  Cl  and  diminish  so  that  no  effect 

is  noted  on  (L/D)jiiax’  Similar  results  have  been  obtained  in  previous 
tests  at  M  =  6.8  and  are  presented  in  references  3  and  4. 


Longitudinal  Stability 

Longitudinal  stability  characteristics  of  the  configurations 
tested  are  presented  in  figure  12  as  plots  of  against  Cjj.  With 
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the  forward  location  of  the  wing-body  intersection  ( conf ig\ira- 
tions  B2_W3_V2_  and  ,  cranking  the  wing  leading  edge  moved  the 

centroid  of  area  rearward  O.Ol^l  and  increased  the  longitudinal  stabil¬ 
ity  for  all  Mach  numbers  tested.  However,  for  configurations  B2_W2V2^ 
and  B-j^WjVj,  cranking  the  wing  leading  edge  moved  the  centroid  of  area 

forward  0.004Z  and  had  no  appreciable  effect  at  Mach  ninribers  of  2.91 
and  below,  whereas  at  the  higher  speeds  a  loss  in  stability  resulted. 

Mach  number  effects.-  The  effects  of  Mach  numbers  on  center-of- 
pressure  location  (Cm/Cjjj  and  aerodynamic-center  location  (SCm/Cjj) 

(relative  to  the  0 .6k-l  body  station)  are  shown  in  figure  13(a)  for 
all  configurations  at  an  angle  of  attack  of  10°.  Both  the  aero¬ 
dynamic  center  and  the  center  of  pressure  move  rearward  at  tran¬ 
sonic  speeds,  the  most  rearward  location  probably  occurring  between 
M  =  1  and  M  =  2.  At  Mach  nimibers  above  1.62  the  aerodynamic  center 
and  center  of  pressure  move  forward  and  at  the  highest  speed  tested 
the  aerodynamic  center  is  slightly  rearward  of  its  subsonic  location 
whereas  the  center  of  pressure  is  generally  slightly  forward.  Although 
the  different  models  have  different  levels  of  stability,  all  show  the 
same  general  trends  in  the  aerodynamic-center  and  center-of -pressure 
locations  with  Mach  number. 

Figure  13(b)  presents  the  aerodynamic-center  and  center-of -pressure 
locations  at  a  =  10°  for  a  moment  center  located  at  the  centroid  of 
plan-form  area  for  each  configuration  rather  than  at  the  O.Skl  body 
station  as  in  figure  13(a) .  The  same  trends  with  Mach  number  are  again 
noted  and  it  is  also  seen  that  the  aerodynamic -center  and  center-of - 
pressure  locations  with  respect  to  the  centroid  of  plan-form  area  are 
a  function  of  Mach  number.  At  M  =  9-6,  the  aerodynamic  center  is  within 
about  0.o6c  of  the  centroid  of  area  and,  although  not  shown,  moves  closer 
as  the  angle  of  attack  is  increased.  Although  a  comparison  of  total 
aerodynamic-center  and  center-of -pressure  travel  throughout  the  Mach 
number  range  cannot  be  made  because  of  the  limited  data  in  the  transonic 
range,  it  appears  that  the  configurations  with  the  wing  and  body  vertex 
coincident  and  B^W'i^.V^)  would  have  the  least  travel.  Since  the 

center  of  gravity  of  a  vehicle  must  be  far  enough  forward  to  provide 
stability  at  subsonic  and  hypersonic  speeds,  the  rearward  travel  of  the 
center-of -pressure  location  at  transonic  speeds  should  be  kept  at  a 
minimum  to  reduce  the  force  needed  to  trim. 

Fin  and  nose- incidence  effects.-  The  decrease  in  lift  coefficient 
at  M  =  6.8  due  to  adding  the  vertical  fin  previously  mentioned 

under  the  section  "Lift  and  Performance,"  is  also  reflected  in  a  posi¬ 
tive  increment  in  pitching  moment  as  seen  in  figure  l^(a)  as  a  result 
of  the  fin- induced  high-pressure  interference  region  on  the  wing  upper 
s\irface.  Nose  incidence  was  shown  in  reference  5  to  be  an  effective 
means  of  trim  at  angles  of  attack  for  maximum  L/d.  Increasing  the  nose 
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incidence  from  5^  "to  Increased  the  positive  pitching  moment  through¬ 

out  the  range  tested  (fi_g.  l4(h)).  The  loss  in  stability  is  due  to  the 
rate  of  change  of  loadir».g  on  the  nose  being  greater  than  that  on  the 
remainder  of  the  vehicler  in  this  angle-of -attack  range.  At  a  Cfj  of 
about  0.40,  the  incremers-t  in  Cjj^  between  the  5°  and  7-5°  nose  is  about 
twice  that  obtained  at  Cjf  =  0.  Thus,  while  the  in  =  5°  configura¬ 

tion  would  trim  at  a  =  2i°  (Cjj  =  0.4l),  the  in  =  7-5°  configuration 
would  trim  at  a  much  hisdier  angle  of  attack. 


Later-al  and  Directional  Stability 

Directional  and  lat-eral  stability  characteristics  of  models  B]_Wq_ 
and  with  the  variou_s  vertical  tails  and  flaps  are  presented  at 

M  =  6.8  in  figure  17  an_d  M  =  9*6  in  figure  18.  With  vertical  tails 
V-[_,  the  cranked-wing  con_figuration  Bj^Wj^V^^  has  a  higher  C^^  than  the 

uncranked  configuration  at  a  =  0°  but  falls  off  to  zero  at  a  slightly 
lower  angle  of  attack.  ¥ith  vertical  tails  little  difference  is 

noted  between  the  cranke  d-  and  tmcranked-wing  configurations  at  M  =  6.8. 
Although  the  vertical  f  i  ns  on  the  cranked-wing  model  B2_Wj^  had  about 

10-percent  larger  plan-f  onn  area  than  the  fins  on  the  other  models, 
this  increase  in  area  do  es  not  account  for  all  the  higher  fin  effective¬ 
ness  of  the  cranked-wing:  model  D^Wj^V^  at  a  =  0°. 


Both  models  with  an_<i  without  vertical  tails  exhibit  a  positive 
(negative  dihedral  effect)  at  angles  of  attack  up  to  8°  at  Mach 

numbers  of  6.8  and  9-6.  (See  figs.  17  and  18.)  Above  this  angle,  a 
positive  dihedral  effect  is  noted.  These  same  trends  were  also  noted 
in  tests  of  a  high  L/d  flat-bottomed  glider  presented  in  reference  3- 
It  is  believed  that  this  negative  dihedral  effect  at  low  angles  of 
attack  is  a  result  of  bo  dy  interference  on  the  wing  upper  surface 
although  no  component  bireakdown  or  pressure-distribution  studies  have 
been  made  to  support  thi  s  belief.  Adding  the  ventral  fin  (vertical 
tail  Vj)  resulted  in  the  negative  dihedral  effect  being  extended  to 

the  highest  angle  of  att  ack  tested  as  would  be  expected. 


Mach  number  effects  .-  Figure  19  summarizes  the  Mach  number  effects 
^np  ^Yp  angle  of  attack  of  10°.  The  vehicle  with  the 

uncranked-wing  plan  form  B]_W2y3_  shows  a  continuous  decrease  in  both 


Cnp  and 


with  Mach 


number  increase  as  would  be  expected  from  pure 
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Mach  number  effects.  The  schlieren  flow  photographs  in  figures  jCt) 
and  3(c)  at  Mach  numbers  of  2.91  and  6.8  show  no  changes  other  than 
angular  in  the  general  shock  pattern  for  this  configuration.  The  vehi¬ 
cle  with  the  cranked- wing  plan  form  B2Wi|.V2^,  however,  has  a  lower 

at  M  =  2.91  than  the  uncranked  vehicle,  probably  because  of  the  lower 
angle  of  the  fin  relative  to  the  local  flow  behind  the  shock  generated 
by  the  leading-edge  crank.  An  increase  in  occurs  between  M  =  2.9I 


and  M  =  6.8  on  this  cranked-wing  vehicle,  although  it  does  show  a 
decrease  between  M  =  6.8  and  M  =  9-6  as  did  the  uncranked  vehicle. 

An  explanation  of  these  trends  is  possible  from  an  examination  of  the 
schlieren  flow  photographs  in  figures  3(b)  and  3(c)  which  show  an  appre¬ 
ciable  change  in  the  extent  of  the  body  flow  field  on  the  tip  fins  for 
the  cranked- wing  configurations  between  M  =  2.9I  and  M  =  6.8.  At 
M  =  6.8  the  body  shock  is  swept  inboard  of  the  vertical- tip  fins  at 
P  =  0°  and  the  angle  of  the  fin  relative  to  the  flow  was  increased. 
Also,  the  shock  moves  outboard  as  p  is  increased  and  thus  impinges 
on  the  downwind  fin  at  low  sideslip  angles.  This  shock  impingement  on 
the  downwind  fin  increased  the  pressure  on  the  inner  surface  and  evi¬ 
dently  cancels  the  expected  destabilizing  input  of  this  fin  and  results 
in  a  higher  total  Cn^  at  M  =  6.8  than  is  noted  at  M  =  2.9I.  Since 


no  significant  changes  in  the  body  flow  field  would  be  expected  to  occvir 
between  M  =  6.8  and  M  =  9-6,  the  Cup  loss  with  increase  in  Mach 


number  shown  in  flgxire  I9  is  e^qjected. 


The  increment  in  Cn^ 


and  Cv 


due  to  adding  the  vertical  fins  presented  in  figure  20  show  the  same 

trends  as  the  total  Cn„  and  Cy„  of  the  vehicle . 

np  Ip 


Effects  of  nose  incidence  and  sideslip  angle.-  The  effect  of 
increasing  the  nose  incidence  of  model  from  5°  to  7*5°  at  a  Mach 

number  of  6.8  is  presented  in  figure  21.  At  sideslip  angles  above  about 
5°,  the  increased  nose  incidence  decreased  the  directional  stability, 
probably  because  of  an  alteration  of  the  local  flow  over  the  tip  fins . 

The  lateral  and  directional  characteristics  of  model  at 

high  sideslip  angles  and  a  Mach  nxmiber  of  9*6  are  presented  in  figure  22. 
At  both  M  =  6.8  (fig.  21)  and  M  =  9-6  (fig.  22)  the  slope  Cnp  is 

about  zero  at  sideslip  angles  above  about  5°*  This  change  in  slope  of 
the  curve  for  this  creinked-wlng  configuration  is  most  severe  at 

M  =  9*6 .  Again  by  referring  back  to  the  schlieren  flow  photographs 
presented  in  figure  3(c),  it  is  noted  that  the  body  shock  crosses  the 
downwind  vertical-tip  fin  at  a  sideslip  angle  of  about  5°  and  lies  out¬ 
board  of  it  at  higher  sideslip  angles.  Thus,  when  the  body  shook  lies 
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Inboard  or  impinges  on  the  tip  fin,  increased  Cn^  or  fin  effective¬ 
ness  results.  After  the  shock  moved  outboard  of  the  fin,  the  inputs 
to  Clip  shock  impingement  were  no  longer  existent  and  also  the 

local  flow  angle  of  the  fin  was  reduced)  thus,  the  effectiveness  and 


decreased.  This  effect  of  shock  position  upon  C^p  is  similar  to 
the  effects  of  shock  position  upon  Cnp  because  of  the  change  in  Mach 
number  discussed  previously. 


CONCLUDING  REMARKS 


An  investigation  has  been  conducted  at  the  Langley  Research  Center 
to  study  the  effects  of  wing  plan-form  geometry  on  some  of  the  aero¬ 
dynamic  characteristics  of  a  hypersonic  glider  at  Mach  numbers  from 
subsonic  up  to  9«6.  From  an  analysis  of  the  data  obtained  during  this 
investigation,  it  is  noted  that  the  rearward  shifts  of  the  location  of 
the  aerodynamic  center  and  center  of  pressure  at  transonic  speeds  were 
less  for  the  configurations  with  body  and  wing  apexes  coincident.  At 
a  Mach  number  of  9.6,  the  aerodynamic  center  is  slightly  rearward  of 
the  location  at  subsonic  speeds,  whereas  the  center  of  pressure  has 
moved  forward  of  its  subsonic  location. 

Moving  the  centroid  of  area  rearward  (and  thus  the  center  of  pres¬ 
sure)  by  cranking  the  wing  leading  edge  increased  the  longitudinal 
stability  throughout  the  Mach  nvunber  range  of  the  tests  for  the  con¬ 
figurations  with  the  wing  and  body  vertex  coincident.  However,  with 
the  wing  moved  rearward  on  the  body  and  with  the  centroid  of  area  dis¬ 
placed  forward  slightly  by  cranking  the  leading  edge,  a  loss  of  stabil¬ 
ity  at  Mach  numbers  above  about  3  resulted. 

The  local  flow  conditions  in  the  region  of  the  fins  had  a  strong 
influence  upon  the  directional  stability  of  the  configurations.  When¬ 
ever  the  body  shock  moved  outboard  of  the  tip  fins  as  a  result  of 
either  a  reduction  in  Mach  number  or  an  increase  in  sideslip  angle,  the 
fin  effectiveness  was  reduced  and  the  directional  stability  of  the  vehi¬ 
cle  was  likewise  reduced. 

At  hypersonic  speeds  the  cranked-wing  vehicle  with  the  body  shock 
inboard  of  the  tip  fins  had  higher  Cnp  than  the  uncranked  vehicle  at 
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a  =  0°  but  the  fall-off  at  the  highest  angles  of  attack  was  more 
severe  for  the  crank-wing  vehicle. 


Langley  Research  Center, 

National  Aeronautics  and  Space  Administration, 
Langley  Field,  Va.,  February  l8,  i960. 
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(a)  Basic  models. 


1.-  Three-view  drawings  of  models  tested.  All  linear  dimensions 

are  in  inches. 
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Figure  2.-  Model  photographs. 


(b) 

Figure  5* 


M  =  2.9I}  P  =  0°;  a  =  0°.  L-6O-255 

•  Schlieren  flow  photographs. 
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Figure  3.-  Continued 
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a,  deg 


(a)  Model  BiW^V^. 

Flgiire  4.-  Lift  coefficient  plotted  against  angle  of  attack  for  all  Mach 

numbers  of  the  test. 
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a,  deg 


(b)  Model  B^WgV^. 
Figure  4.-  Continued. 
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a,  deg 


(c)  Model 

Figure  4.-  Continued. 
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(d)  Model 


Figure  4.-  Continued. 
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(f)  Model  BiW^VjFg. 
Figure  4.-  Concluded. 
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5.-  Drag  coefficient  as  a  function  of  angle  of  attack  for  all  Mach 

numbers . 
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a,  deg 

(b)  Model  B^WgV^. 
Figure  5--  Continued. 
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Figure  5.-  Continued. 
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(d)  Model  BiW^V^. 
Figure  5>-  Continued. 
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(f)  Model 

Figure  5.-  Concluded. 
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(a)  Model  BiV73_Vi. 


a,  deg 

(b)  Model 


Figure  6.-  Pitchlng-moraent  coefficient  plotted  against  angle  of  attack 

for  all  Mach  numbers. 
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(c)  Model 


-8  -4  0  4  8  12  16  20  24  28 


a,  deg 

(d)  Model 

Figure  6.-  Continued. 
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(f)  Model  B^W^V^Fg. 


Flgiire  6.-  Concluded. 


CONFIDENTIAL 


3k 


CONFIDENTIAL 


-8  -U  0  1|  8  12  16  20  24  ?8 


a,  deg 


(a)  Model 


0  M  =  0.06 
O  M  =  1.62 
A  M  -  2.91 

M  »  6.8 

H 

■HiHM 

8HMHH 

HHHHl 

8Hlll818811il81liliillil 

H 

BHHiH 

HHHHi 

BHHHHHBniillBlIi 

E 

HHHfUM 

MHUiHHIB 

BHilH 

BHIlillllHHIllBlBI  88118 

BiinSiP 

hBEIi 

8liHlililllllili!H81  11118 

H  =  9.6 

1 

S 

HHHHBli 

HHMlIili!;^ 

81181118 

gia^^HHIug 

iliS 

881H18illlilH8111l8  H 
iliilllilHHillllii  111! 

ISRfflIfi 

HHi 

181 

in 

H 

81 

881 

■ 

881 

881 

1 

a 

HH8li!!ie 

HHUHlil 

BHtiiliii 

BHliiiiOiii'; 

MBIOi-l 

^nBIDUi.'uu^a 
1 « luniiinlL  nto 

lllliRriilipiBliilllllil  iili 

£nl!'8i!JP:i!iiifliiffli!L»!i  1!  ?i 

HHi 

mmu 

81 

m 

m 

m 

881 

18 

81 

18 

i 

1 

H 

EShSI 

IlHriillM 
11818  i 

111118 1 1 
8111188 

1 811  III  i  !lli!nlili;i|»  il 
11  111  II 11  Hill  ill  88  i 

mil 

881 

H 

m 

P 

HI 

88  p  i 

HII1I18 

81181  118118811  i 

Ullllii 

in 

n 

H 

il 

1 

i 

ilii'noiB 

Bill  IH 

iliill  I 

1 11 II  nil  mil  I!  i 

111818 

818 

H 

m 

H 

ii 

%Hli8W| 

BHii  m 

818811  1 

1  11  II  1  111  Hill  i  II  i 

111118 

818 

81 

m 

H 

HHHltl  1 

8HH 

81111  1 

181  1!  1  111  8111  i  8  81 

ini 

innii 

niHuiuiif 

BH 

BSi 

E 

w 

iPSI 

^•Sil 

1 

81 

HHHHpi 

HHHHIB 

IBlinjl 

81181 

81811 
18111  1 

1  1818  8llllrli8181  II  i 
1  11  8  1811118181  il  1 

MM 

i  i;i: 

1 

il 

1 

m 

H18811  11 

111  1 

1  il  8  11811881  Ii  i 

181118 

m 

T4 

H 

HI 

H 

IflH 

mu 

Hliil  nil 

lllllill  1 

1 11  8  1 1  il  8111  8  II  88 

MM 

M 

23 

1 

HHlilH  1 

88  118 

181111  1 

181  8  1 1  111  18811  111  1 

18811 

881 

18 

HI 

H 

WM 

raf 

HHHBIB 

1  1 

8111 

1  181  8  Iili  ill  II  111  1, 

-8  -4  0  4  8  12  16  20  24  28 

o,  deg 


(l)  Model  BiWgVi. 


Figure  7--  Lift-drag  ratio  plotted  against  angle  of  attack  for  several 

Mach  numbers. 
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(c)  Model 
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(d)  Model  B2_Wi^V2_. 


Figure  7--  Continued. 
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(f)  Model  B1W4V5F2. 
Figure  7*-  Concluded. 
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o,  deg 

Figijre  8.-  Lift  coefficient  plotted  against  angle  of  attack.  M  =  0.06. 
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Figure  10.-  Maximum  lift-drag  ratio  plotted  against  Mach  number. 
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(a)  Effects  of  vertical  fin. 

Figure  11.-  Effects  of  vertical  fin  and  nose  incidence  on  longitudinal 
characteristics  of  models.  M  =  6.8;  R  =  1*35  X  10°. 
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(b)  Effects  of  nose  incidence. 
Figure  11.-  Concluded. 
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(a)  M  =  0.06j  R  =  1.5  X  106, 


(b)  M  =  0.92;  R  =  J<-.1  X  10^. 

Flg\ire  12.-  Pitching-moment  coefficient  plotted  against  normal-force 
coefficients  for  several  Mach  nimibers . 
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(a)  Center  of  gravity  at  0.6k-l, 

Figure  15 •-  Variation  in  aerodynamic-center  and  center-of -pressure  loca¬ 
tions  with  Mach  number,  a  =  10°. 
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Center  of  gravity  at  centroid  of 
Figure  15 •-  Concluded. 
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(t)  Effects  of  nose  incidence,  i^. 

Figure  l4-.-  Effects  of  vertical  fin  and  nose  incidence  on  pitching 
moment  coefficient  for  BjWij.  models.  M  =  6.8;  R  =  1.55  X  10^. 
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(a)  a  =  0°. 

Figure  15.-  Directional  characteristics  of  models  at  M  =  2.91. 

R  =  2.0  X  10^. 
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(b)  a  =  10°. 
Figure  15 •-  Concluded. 
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(a)  a  =  0°. 

Figure  l6.~  Directional  characteristics  of  models  at  M  =  2.91. 
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(b)  a  =  IQO. 
Flgiire  l6.-  Concluded. 
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(a)  models. 


Flgiore  17- -  Directional  and  lateral  characteristics  of  configurations  at 

M  =  6.8;  R  =  1.53  x  10^. 


CONFIDENTIAL 


L-7'4-2 


CONFIDENTIAL 


55 


a,  deg 

(b)  models. 


Figiore  I7.-  Concluded. 
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(a)  ®o'3.els. 

Figure  18.-  Directional  and  lateral  characteristics  of  configvirations  at 

M  =  9.6;  R  =  0.6  X  10^. 
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Figure  I9.-  Mach  number  effects  on  directional  stability 
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Figure  21.-  Effects  of  nose  incidence  on  directional  and  lateral  charac¬ 
teristics  of  model  B2_Wi|.V2  at  M  =  6.8.  a  =  0°. 
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Figure  22.- 


Directional  and  lateral  characteristics 
M  =  9.6.  a  =  0°;  in  =  5°;  R  =  I.55  x 


of  model  at 

10^. 
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